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Abstract

:

We recently implemented highly sensitive detection systems for photo-sensitizing potassium ions (K+) based on two-step Förster resonance energy transfer (FRET). As a successive study for quantitative understanding of energy transfer processes in terms of the exciton population, we investigated the fluorescence decay dynamics in conjugated polymers and an aptamer-based 6-carboxyfluorescein (6-FAM)/6-carboxytetramethylrhodamine (TAMRA) complex. In the presence of K+ ions, the Guanine-rich aptamer enabled efficient two-step resonance energy transfer from conjugated polymers to dyed pairs of 6-FAM and TAMRA through the G-quadruplex phase. Although the fluorescence decay time of TAMRA barely changed, the fluorescence intensity was significantly increased. We also found that 6-FAM showed a decreased exciton population due the compensation of energy transfer to TAMRA by FRET from conjugated polymers, but a fluorescence quenching also occurred concomitantly. Consequently, the fluorescence intensity of TAMRA showed a 4-fold enhancement, where the initial transfer efficiency (~300%) rapidly saturated within ~0.5 ns and the plateau of transfer efficiency (~230%) remained afterward.
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1. Introduction


In the context of various optical sensing applications, Förster resonance energy transfer (FRET) has been extensively investigated over decades due to its superior capacity to detect unknown particles and their conformational change at the molecular scale as well as their energy harvesting nature via amplification in the selected spectral windows [1,2,3,4,5,6]. FRET is a distance-dependent phenomenon, which is built on the basis of non-radiative energy transfer from energy donors to energy acceptors within close proximity (~10 nm) via long-range dipole–dipole interactions [7]. Thus, the design of FRET-based optical sensing assays always needs a platform for a proper intermolecular distance and a specificity for target molecules. Most of the myriad of recent FRET configurations are relevant to this intrinsic sensitivity to nanoscale change between two dipoles and the selection of proper materials, including fluorophores and recognition elements [8].



Conjugated polymers (CPs) have been utilized as an optical platform for many bio- or chemical applications due to their useful optical and electronic properties characterized by delocalized π-electrons [5,9,10,11,12,13,14,15,16,17,18]. In particular, cationic CPs with terminal quaternary ammonium groups were recently used in optical DNA sequence detection through electrostatic complexation, which provides a noble route to molecular distance control [1,2,5].



Aptamers are nucleic acid molecules that bind to specific targets, forming a secondary-folded structure [19,20]. Recently, they have attracted attention as an alternative conventional recognition component such as antibodies and various biosensor applications [21]. The advantages of aptamers compared with conventional recognition elements lies in their cost-effective production, easy modification, and low immunogenicity [22]. In particular, some specific single-stranded aptamers with guanine (G)-rich base sequences have a high affinity and high specificity for alkali metal ion. They can construct a secondary-folded structure, a so-called G-quadruplex, in the presence of specific alkali metal ions through hydrogen bonding [23,24].



As a one of the main cations in intracellular fluids in living bodies, potassium ion plays an important role in physiological activities as well as biological processes, for example, in maintenance of muscular strength, extracellular osmolality, enzyme activation, and apoptosis [25,26,27]. Because many diseases like diabetes, anorexia, bulimia, and heart disease are also closely related to abnormal potassium ion concentration, monitoring of potassium levels is crucial for clinical diagnosis [28]. Various studies for the detection of K+ ions have been reported; however, selectivity against other intra/extra-cellular cations (Na+) and detection sensitivity still need to be improved.



Recently, we demonstrated a noble potassium ion detection assay consisting of water-soluble CPs and dye-labeled aptamers based on FRET [1]. In this FRET system, dye-labeled aptamers play two roles simultaneously, as not only a scaffold for FRET signaling but also a receptor for metal ions. The presence of K+ ions within a solution results in the conformational change of complex molecules consisting of positively charged CPs and negatively charged aptamers. This phenomenon was observed through a dramatic fluorescence enhancement. Nevertheless, the dynamics of sequential energy transfers are completely unknown.



When FRET is occurring, donor fluorophores absorb the energy under the irradiation of incident light, then transfer the excited energy to nearby acceptor materials. In the presence of proper acceptors, efficient energy transfer leads to significantly quenched donor fluorescence intensity, providing the amplified acceptor fluorescence. This intensity variation is often measured by time-integrated fluorescence measurement. However, the fluorescence intensity can easily vary due to the changes in intensity fluctuations of excitation light, photobleaching, and light scattering [29]. In particular, the presence of metallic particles can alter the surrounding conditions, which may influence the optical properties of molecules. They may also act as collisional quenchers of fluorescence [30]. Moreover, we have to separately distinguish complexation-induced quenching from FRET-based fluorescence signals to increase our understanding of the molecular dynamics. In general, the correlation between FRET efficiency and changes in donor lifetime can be supported by the equation below:


ϕ=1− τDAτD



(1)




where τDA and τD are the fluorescence lifetimes of the FRET donor in the presence and absence of the FRET acceptor, respectively [31]. Since FRET efficiency is inversely proportional to the fluorescence lifetime of the donor fluorophore, the higher the FRET efficiency means, the shorter donor lifetime, suggesting a decrease in the excited lifetime of the donor is great evidence of FRET. Observing the time-related fluorescence of the FRET system will be helpful to optimize the condition for maximized FRET efficiency as well as to understand dynamic events involved in the intermolecular energy transfer phenomenon.



In this paper, we investigated the fluorescence decay dynamics of the conjugated polymer and aptamer-based 6-FAM/TAMRA complex. Following our previous demonstration of the two-step FRET-based K+ ion detection assay, we studied the dynamics of sequential energy transfer processes in terms of exciton population variation of FRET partners. When CPs were excited with 380 nm light, the population dynamics of CPs, 6-FAM, and TAMRA were compared in the absence and presence of K+ ions, respectively. Regarding the intermediate energy level of 6-FAM located in between the high-level CPs and the low-level TAMRA, we also excited 6-FAM selectively using 490 nm light. This enables the study of FRET from 6-FAM to TAMRA selectively. Those results allowed us to investigate the two different FRET processes separately, whereby the detection of K+ ions was evaluated quantitatively.




2. Materials and Methods


2.1. Materials


All chemicals were purchased from Aldrich Chemical Co. (St. Louis, MA, USA) for measurement at room temperature. As a FRET donor, the polyfluorene-based CP was synthesized via the Suzuki coupling reaction of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis(6′-bromohexyl)fluorene and 2,7-dibromo-9,9-bis(3,4-bis(2-(2-methoxyethoxy)ethoxy)phenyl)fluorene using (PPh3)4Pd(0) as a catalyst in toluene/water (2:1, volume ratio) at 85 °C for 36 h (yield: 66%), followed by successive quaternization with condensed trimethylamine at room temperature. As a FRET acceptor, 6-FAM and TAMRA dyes were used. Both dyes were labeled to a high-pressure liquid chromatography (HPLC)-purified molecular aptamer with 15 bases (5′-6-FAMGGTT GGTG TGGT TGG-6-TAMRA-3′) obtained from Sigma-Genosys (The Woodlands, TX, USA). For sensing of K+ ions, 20 μL of the aptamer stock solution was diluted to 2 mL buffer, and the resulting solution was incubated at 60 °C for 30 min with and without K+ ions. Detailed information about the sample fabrication including chemical synthesis and polymerization can be found elsewhere [1].




2.2. Time-Integrated Fluorescence and Quantum Yield Measurement


The fluorescence spectra of three fluorophores (CPs, 6-FAM, and TAMRA) dissolved in water solution were obtained by spectrofluorometer (Jasco, FP-6500, Hachioji, Tokyo, Japan), where a xenon lamp was used as an excitation source. The corresponding quantum yield of the CPs was estimated relative to a freshly prepared fluorescein solution in water at pH = 11.




2.3. Time-Resolved Fluorescence Measurement


The ultrafast decay dynamics of three fluorophores in the absence and presence of K+ ions were measured using a conventional time-correlated single photon counting (TCSPC) system (SPC-130EM, Becker & Hickl GmbH, Berlin, Germany). For excitation light sources, 380 and 490 nm were used, which were obtained by second harmonic generation from the fundamental laser light (680~1080 nm) of a femtosecond oscillator (Chameleon Ultra-II, Coherent, Santa Clara, CA, USA). The pulse duration and repetition rate of femtosecond light was 70 fs and 80 MHz, respectively. For the detection of time-resolved fluorescence, a high-speed single photon detector (PMH-100, Becker & Hickl GmbH) and a photomultiplier tube (PMT) were used. The temporal resolution was around 190 ps.





3. Results and Discussion


3.1. Two-Step FRET Process in CPs and Two-Dye-Labeled Aptamer Complex


Two-step FRET systems with three fluorophores have advantages compared to one-step FRET systems, such as efficiency enhancement through relay stations and better detection sensitivity due to the lower background fluorescence of acceptors [32,33,34]. We carefully designed the optical potassium detection system based on the sequential energy transfer. As the energy donors and acceptors for FRET, three fluorophores (CPs, 6-FAM, and TAMRA) were selected. The three fluorophores emit different colors (blue, green, and red). Based on Bazan’s scheme [2], which enables tuning of intermolecular distance at the molecular scale by Coulomb interaction between donor and acceptor fluorophores, CPs as FRET donors were positively charged due to their side chains, including cations. On the other hand, a guanine (G)-rich aptamer containing 15 bases (GGTT GGTG TGGT TGG) as a scaffold for FRET was negatively charged. Two dyes (6-FAM and TAMRA) were labeled to both ends of the aptamer. In particular, the molecular interaction between CPs and aptamer, such as electrostatic and hydrophobic interaction, can be controlled by varying the charge ratio of CPs and aptamer. For efficient attractive interaction (i.e., all aptamers were complexed with CPs), the concentration of CPs was adjusted by changing its repeating units on the backbone.



Figure 1 shows our potassium ion detection system schematically, which consists of CPs and the two-dye-labeled aptamer complex. Since both CPs and aptamer are flexible in water solvent, they will be randomly distributed in a solution after complexation. The complexation by the attractive interaction between CPs and aptamer keeps the two dyes (i.e., 6-FAM and TAMRA) in close vicinity of the CPs. While the excitons generated optically in the CPs will be diffused over the backbone of CPs due to its delocalized electronic nature, the excitation energy of CPs can be transferred to the two adjacent dyes of 6-FAM and TAMRA by dipole–dipole coupling. The dipole–dipole interaction depends on the dipole orientation factor (κ2) [30], and κ2 is calculated by the consideration of the spatial distribution of donor and acceptor dipoles and the freedom of dipole motion, which are limited by surrounding environment. Nevertheless, the allowed range of the dipole motion may be narrowly defined or close to isotropic [35]. In our FRET system, we assumed that κ2 was 2/3 by the dynamic averaging of fluorophores [36].



In order to understand the energy migration mechanisms within a system, we assumed the simple case of a single donor–aptamer pair and the effective intermolecular distance for the energy transfer. The average separation between CPs and aptamer was in the 1~10 nm range. As shown in Figure 1a, the energy of CPs was transferred to both 6-FAM and TAMRA simultaneously. It is noticeable that the size of an aptamer is much longer than the effective FRET distance. Thus, only one-step energy transfer from CPs to 6-FAM or TAMRA is possible, i.e., CPs are a FRET donor while both 6-FAM and TAMRA will act as FRET acceptors. The energy transfer efficiency by FRET will be determined by the extent of the resonance coupling among each of the donor–acceptor pairs. However, FRET partners will also result in unwanted fluorescence quenching by the surrounding environment. The environmental factors, including electrostatic complex between charged molecules and physical response (hydrophobic or hydrophilic) of constituents over the solvent can affect fluorescence intensity. As a result, some of the energy can be dissipated through the exciton deactivation process, resulting in fluorescence quenching. In the case of organic molecules, various fluorescence quenchings often occur by molecular contact between the fluorophores and quenchers. Thus, if the intermolecular distance is sufficiently short and the energy levels of acceptors is low enough compared to that of donors, excitons can be separated into individual charges or the separated electrons and holes of donor can be transferred to acceptors by photo-induced charge transfer (PCT) [37]. When quenchers are randomly distributed, the fluorescence quenching near the radiation boundary is determined by the encounter distance and the quencher concentration [30]. Furthermore, delocalized excitons migrating along the CPs′ chains can also be scattered or dissociated into charge carriers by hole polarons or trap sites [38]. We have assumed that the intrinsic optical properties of constituents are unaffected or unchanged by the complexation and the addition of new molecules in order to simplify our understanding on phenomenological dynamics. Therefore, total energy transfer will be determined by the competition between energy harvesting one-step FRET and energy-wasting PCT because both processes have an intermolecular distance-dependent nature: FRET rate (kFRET) is inversely proportional to the sixth power of the donor–acceptor distance (~1/RDA6), while PCT rate (kPCT) has an exponential distance dependence (kPCT∝e−RDA) [39].



The presence of K+ ions leads to a new molecular configuration due to the specific binding between aptamers and metal ions, as shown in Figure 1b. This molecular configuration is known as g-quadruplex, with a planar motif generated from the pairing of four guanine residues through Hoogsteen-like hydrogen bonding [40,41]. Guanine (G)-rich base sequences of aptamers can make secondary-folded structures in the presence of metal ions. In practice, our guanine-rich aptamer is designed for this specific capturing of K+ ions, while there is no spectral shift in the intrinsic emission of 6-FAM and TAMRA [1]. In this case, one-step FRET is no more a dominant emission process. Since guanine tetrad (g-quartet) shortens the intermolecular distance among two dyes attached to both edges of an aptamer, both additional energy transfer between the two dyes and the sequential energy transfer from CPs to TAMRA via 6-FAM (two-step FRET) are possible. The 6-FAM will act as not only an intermediator for the two-step FRET, but also as a FRET acceptor in the one-step FRET. On the other hand, TAMRA always performs as a FRET acceptor due to its low bandgap energy. Consequently, TAMRA’s emission will be enhanced by CPs and 6-FAM. In other words, the fluorescence enhancement in TAMRA indicates the detection of K+ ions. The detailed molecular structures of CPs, 6-FAM, and TAMRA are given in Figure 1c.




3.2. The Spectral Overlap between Conjugated Polymer, 6-FAM, and TAMRA


Figure 2a–c shows the intrinsic optical properties of three fluorophores (i.e., CPs, 6-FAM, and TAMRA), respectively. Absorption spectra were shown in terms of the molar extinction coefficient and emission spectra were normalized by the maximum fluorescence intensity. The three fluorophores of CPs, 6-FAM, and TAMRA show a broad absorption and emission spectrum with a Stoke shift. Their mirror symmetric shape between absorption and emission spectra is attributed to the overlap of the initial and final wave functions relevant to the vibronic transition at thermal equilibrium [42], and the spectral intensity is determined by the probability amplitude of energy levels involved in the vibronic transition. From the absorption measurement, the molar extinction coefficient of CPs calculated by the Beer–Lambert law was 0.52 × 104 M−1·cm−1 and CPs had an absorption maximum at 397.8 nm. Unlike absorption spectra, the blue color emission spectrum of CPs showed two peaks (i.e., 426.6 and 451.0 nm). The quantum efficiency of CPs was 0.58 in a water solvent. Both the spectrum of 6-FAM and TAMRA showed perfect mirror symmetry with high molar absorption coefficients (1.25 × 104 M−1·cm−1 for 6-FAM and 1.96 × 104 M−1·cm−1 for TAMRA). The maximum absorption peaks of two dyes appear at 490.4 and 567.6 nm, respectively. 6-FAM shows a greenish color emission with the peak wavelength at 514.4 nm. The TAMRA showed a reddish color emission with the emission maximum at 590.2 nm.



Since FRET phenomenon is analogous to the interaction of a coupled oscillation system, where two oscillators harmonically interact with each other at a separation R, the spectral overlap among FRET partners represents the extent of resonant coupling [43]. In FRET measurement, spectral overlap (J) can be simply calculated by integrating an overlap area between the normalized emission spectra of the donor fD(λ) and the absorption of the acceptor with a molar extinction coefficient (εA(λ)) [30]:


J=∫fD(λ)εA(λ)λ4dλ



(2)







Figure 2d shows a spectral overlap in three fluorophores. The calculated spectral overlap between CPs and 6-FAM (2.47 × 10−26 M−1·nm4) was higher than that between CPs and TAMRA (8.00 × 10−27 M−1·nm4). This result implies that the excitation energy of CPs can be transferred effectively to 6-FAM compared to TAMRA when only one-step FRET process is considered in the absence of K+ ions. It is noticeable that the spectral overlap between 6-FAM and TAMRA (5.00 × 10−26 M−1·nm4) was higher than that involved with CPs. Furthermore, we can calculate a characteristic Förster distance (R0) from the spectral overlap, where the FRET efficiency becomes 50% [8]. Regarding the three FRET partners, the three Förster distances were calculated for CPs/6-FAM (33.1 Å), CPs/TAMRA (27.4 Å), and 6-FAM/TAMRA (44.8 Å), respectively. These results imply that a selection of FRET partners and a system design is theoretically suitable for efficient FRET. Along with the spectral overlap, the Förster distance also provides a clue for the conformational change in molecular scale, and this can help us estimate a relative donor–acceptor distance through a theoretical FRET efficiency estimation [30,44]. However, the accuracy of the relative intermolecular distance calculation is limited due to the presence of various quenching processes because the original FRET equation assumes that the variation in energy transfer efficiency has only resulted in FRET. Although the intermolecular distance calculation for individual energy transfer processes is difficult due to the complexity of system, we can estimate total energy transfer efficiency regardless of the number of transfer steps.




3.3. The Fluorescence Decay Dynamics of the Conjugated Polymer, 6-FAM, and TAMRA


For a better understanding of the energy transfer processes among FRET partners in the absence and presence of K+ ions, we measured the time-resolved fluorescence. First of all, we measured the fluorescence decay of fluorophores before the complexation with the two-dye-labeled aptamer (denoted by “Free”) was measured individually to understand the intrinsic fluorescence decay time of fluorophores. Then, we compared it with the measured data in the absence and presence of K+ ions. The measured fluorescence decay curve was fitted by single- or multi-exponential decay function taking into account the change in the decay curvature [30]. In the fluorescence decay curve, the multiple decay components generally implied the contribution of additional decay pathways due to the molecular interaction to the whole fluorescence decay. Thus, we distinguished fast and slow decay components from the multi-exponential decay curvature by taking into account the intrinsic fluorescence decay time of fluorophores.



To calculate the energy transfer efficiency of FRET, we used a rate equation or its time-dependent differential equation. In general, the fluorescence decay rate (kF) is defined by the sum of all radiative (krad) and non-radiative decay (knonrad) components [30].


kF=krad+knonrad=1τrad+1τnonrad



(3)




where τrad and τnonrad represent radiative and non-radiative decay time, respectively. Since the fluorescence intensity (I) is proportional to the exciton population (N), the time-dependent fluorescence decay can be characterized by a differential equation form of exponential function [39,45].


I(t)=∫N(t)dt



(4)






dN(t)dt=g−N(t)τint



(5)




where g indicates carrier (exciton) generation function by excitation light. τint represents an intrinsic fluorescence decay time including all radiative and non-radiative decay components. When decay pathways of FRET and charge transfer are involved, the rate equation can be modified by an additional non-radiative decay time (τnonrad*) [45].


dN(t)dt=g−N(t)τint−N(t)τnonrad*



(6)







In particular, this differential rate equation effectively provides the relation between an individual fluorescence decay rate and a time-dependent exciton population.



3.3.1. The Fluorescence Decay of Conjugated Polymers


Figure 3 shows the fluorescence decay curve of CPs under 380 nm excitation where this wavelength corresponds to the absorption maximum of CPs and minimizes the direct absorption by 6-FAM. Free CPs before the complexation with aptamer show a single exponential decay curve with 0.38 ns (without K+) and 0.43 ns (with K+) decay time. In the absence of K+ ions, the fluorescence decay time of multi-exponential components in CPs were 0.35 ns (fast) and 1.76 ns (slow), respectively. In particular, the fluorescence decay curve of CPs with K+ rarely changed compared to that of Free CPs, and at initial decay time, one-step FRET occurs. This result represents that the complexation effect hardly changed the intrinsic fluorescence decay time of CPs. On the other hand, the addition of K+ ions significantly affected the fluorescence decay dynamics of CPs. Within 0.50 ns, the time-resolved fluorescence intensity of CPs showed a significant decrease, whereby two decay times of 0.19 ns (fast) and 1.46 ns (slow) were obtained. Regarding the FRET process occurring within several hundred ps time, we can infer that the energy transfer became effective due to the emergence of additional decay pathways relevant to the presence of K+ ions, i.e., two-step FRET.



Given the fluorescence decay rate equation including an additional exciton decay, we estimated the decay rate of CPs. The total rate equation and its variation (Δk(t)) before and after molecular interaction can be described as:


k(t)=g−{dN(t)dt}N(t)−1



(7)






Δk(t)=ki(t)−kf(t)



(8)




where subscripts denote initial (Free) and final states (complexation or after K+ ion addition). In the presence of K+ ions, the decay rate of CPs (3.58 ns−1) involved in the two-step FRET was the fastest compared to other cases (2.29 ns–1 for Free CPs and 2.58 ns–1 for complexation) at the start moment of fluorescence decay. Afterward, the decay rate of CPs with K+ ions drastically decreased while the decay rate of other cases barely changed until 1 ns. This result shows our prediction of an additional non-radiative decay pathway is plausible.




3.3.2. The Fluorescence Decay of 6-FAM


The fluorescence decay dynamics of 6-FAM or TAMRA in the complexation phase of CPs and aptamer were also measured. The fluorescence decay of individual dyes (i.e., Free 6-FAM and Free TAMRA before complexation) was undistinguishable due to their low absorption coefficient at 380 nm excitation. First, we investigated the fluorescence decay dynamics of 6-FAM. The 6-FAM performs the role of an intermediator in the two-step FRET process in the presence of CPs, but it always becomes a FRET donor in the absence of CPs. To clarify the different roles of 6-FAM associated with CPs, we measured the fluorescence decay dynamics of 6-FAM in the absence and presence of K+ ions, as shown in Figure 4a. Two kinds of excitation lasers (i.e., 380 and 490 nm) were used. The 380 nm excitation excited carriers mostly in CPs, giving rise to a FRET from CPs to 6-FAM. On the other hand, 490 nm excitation generated carriers in 6-FAM selectively without any excitation in CPs. Hence, no FRET occurred from CPs to 6-FAM. Regardless of K+ ions, the fluorescence intensity of 6-FAM at the moment of excitation rarely changed under 380 nm excitation. However, under 490 nm excitation, the presence of K+ ions led to a significant decrease of the fluorescence intensity at 6-FAM. When FRET occurs, a decrease in the fluorescence intensity is generally observed in a donor molecule as evidence of the energy transfer. Thus, this decreased intensity at 6-FAM resulting from 490 nm excitation indicated a one-step FRET from 6-FAM to TAMRA, where 6-FAM was a donor in the FRET process. One should be reminded that no carrier was excited in CPS when 490 nm excitation was used. However, with 380 nm excitation, 6-FAM seemed to play a role as the two-step FRET intermediator. Initially, carriers were excited in CPs, then transferred to 6-FAM. Because the energy transfer from 6-FAM to TAMRA was efficient, the carriers in 6-FAM are immediately transferred to TAMRA. As a result, the population of 6-FAM remains constant due to the dynamic compensation effect. The intrinsic decay time of Free 6-FAM was 3.72 ns under 490 nm excitation. However, we observed multi-exponential decay in the absence of K+ ions. The two decay times were 0.36 ns (fast) and 2.09 ns (slow) at 490 nm excitation, respectively. The fast decay component also indicated FRET from 6-FAM to TAMRA. On the contrary, the fluorescence decay at 6-FAM with 380 nm excitation showed a single exponential shape with a longer decay time of 0.49 ns compared to that with 490 nm excitation. The elongated decay time possibly resulted from the population increase resulting from the energy transfer from CPs to 6-FAM.



Upon the addition of K+ ions, the fluorescence lifetime of 6-FAM at initial decay times decreased regardless of the excitation wavelengths. In the case of 490 nm excitation, the fast decay time was 0.25 ns and the slow decay time was 2.18 ns, respectively. With 380 nm excitation, the fluorescence decay time was 0.33 ns. Those results suggest the presence of K+ ions accelerated the fluorescence decay of 6-FAM through two-step FRET in addition to one-step processes. In particular, it was very noticeable that the fast decay component within 0.50 ns were identically observed at the different excitation wavelengths, while the decay curvatures barely changed afterward. This implies that each energy transfer pathways can be resolved in different timescales within temporal resolution of our experimental system. Nevertheless, the fluorescence intensity and decay curvature were determined by the combination of all decay pathways.



For a quantitative evaluation of the two-step FRET, we calculated the time-dependent energy transfer efficiency in the absence and the presence of K+ ions. From the change in time-resolved fluorescence intensity before and after K+ ion addition, the total energy transfer efficiency (Etotal(t)) of 6-FAM can be theoretically calculated by [44]:


Etotal(t)=kFRET(t)knonrad(t)+kFRET(t)=ID(t)−IDA(t)ID(t)



(9)




where ID(t) and IDA(t) are the fluorescence intensity of a donor (D) in the absence and presence of an acceptor (A), respectively. Similar to the fluorescence decay of CPs, we found that the fast decrease of the energy transfer efficiency occurs within 0.5 ns regardless of the excitation wavelength as shown in Figure 4b. Afterward, the total transfer efficiency remained constant. Those results confirm the presence of a two-step energy transfer gain. In particular, the minus sign of the transfer efficiency indicating the reduction of the total energy was noticeable. Interestingly, we found that a loss of exciton population due to the energy transfer and the fluorescence quenching at 6-FAM was compensated by CPs.




3.3.3. The Fluorescence Decay of TAMRA


Finally, we measured the fluorescence decay dynamics of TAMRA in the absence and presence of K+ ions, respectively. To discern individual energy migration by one- or two-step FRET from the total energy transfer process, the fluorescence decay of TAMRA without 6-FAM (single dye-labeled aptamer denoted by “CP/TAMRA”) was also measured. Figure 5a shows the fluorescence decay of TAMRA under 380 nm laser excitation. As discussed above, the addition of K+ ions resulted in an enhancement of the acceptor′s exciton population by not only an additional energy transfer but also the fundamental interaction of the complexation with CPs. Consequently, in the presence of K+ ions, the fluorescence intensity of TAMRA significantly increased compared to that of the fundamental one-step energy transfer. The four-folded enhancement of fluorescence intensity can be understood as a result of the energy transfer since TAMRA is always an energy acceptor in our FRET system. Interestingly, TAMRA without 6-FAM had the highest fluorescence intensity at the moment of excitation despite their weak absorption coefficient at 380 nm and the narrow spectral overlap. Its fluorescence intensity was much higher than that of others. This unusual feature may be attributed to the number of FRET participants regarding the total amount of energy CPs offered was fixed. In the case that there is no 6-FAM, the energy exchange with TAMRA is the only possible pathway. But, the preferential direction of the energy migration is decided by the spatial distance from CPs to dyes as well as the probability wavefunction distribution of the two dyes in the solution. Assuming that the total amount of energy transferred from CPs is equal to the fluorescence intensity of TAMRA without 6-FAM, the fluorescence intensity ratio at the moment of the excitation are IFT/IT only≈0.19 without K+ ions and IFT/IT only≈0.64 with K+ ions, where IT only and IFT indicate the fluorescence intensities of TAMRA-labeled and two-dye-labeled aptamers, respectively. Since the emission of TAMRA is irrelevant to that of 6-FAM in the absence of K+ ions, we can predict the probabilistic apportionment of the excitation energy. On the other hand, as expected by the Förster distance, this result may indicate that one-step FRET from CPs to TAMRA is preferred compared to 6-FAM in spite of a weak absorption and narrow spectral overlap. Since the size of the aptamer is smaller than that of polymers, CPs may surround the aptamer within the system and the average separation of TAMRA from CPs may be closer. Considering that the quenching effect was not observed in TAMRA unlike 6-FAM, this assumption may be reasonable.



Despite the fluorescence enhancement in the presence of K+ ions, the fluorescence decay curvature (~1 ns decay time) of TAMRA barely changed due to the non-radiative transfer nature of the FRET, as shown in the inset of Figure 5a. Furthermore, we estimated the energy transfer efficiency (η(t)) of TAMRA described in Reference [44]:


η(t)=∫Iwith K+(t)dt−∫Iw/o K+(t)dt∫Iw/o K+(t)dt



(10)




where Iw/o K+(t) and Iwith K+(t) indicate the fluorescence intensity of TAMRA at time t in the absence and presence of K+ ions, respectively. This equation was described in the view of the gain or loss of the exciton population during the two-step FRET process. In the absence of K+ ions, the population of TAMRA was supported by CPs through one-step FRET. The fluorescence intensity of TAMRA in the absence of K+ ions was 100 at 2 ns in arbitrary units. On the other hand, if K+ ions were involved, an additional two-step FRET occurred from CPs to TAMRA via 6-FAM. The TAMRA plays an important role as an intermediator, where the energy transfer from CPs to TAMRA is mediated. The energy transfer efficiency equation enables to estimate the transferred fluorescence from TAMRA in terms of the normalized ratio to the fluorescence intensity of TAMRA in the absence of K+ ions. When the increased fluorescence intensity of TAMRA at 2 ns was 330, the energy transfer efficiency of 230% was obtained. It is surprising that two-step FRET resulted in a remarkable population enhancement. Such a large enhancement can be attributed to the delocalized electronic nature of CPs, giving rise to the energy harvesting effect.



In summary, Table 1 shows the fitted parameters for the fluorescence decay of CPs, 6-FAM, and TAMRA. The fluorescence decay time is calculated by single- or multi-exponential fitting, as given below [30]:


I(t)=I0+a1exp(−tτ1)+a2exp(−tτ2)



(11)




where a1 and a2 are the weight factors of each of the decay components. τ1 and τ2 are decay time. In the presence of additional decay pathways due to the conformational change or molecular interaction, the fluorescence decay time decrease and its curvature can be changed from single exponential to multi-exponential shapes as well as intensity variation. Before and after complexation, this phenomenon representing occurrence of one- or two-step FRET was commonly observed in CPs and 6-FAM. In the case of TAMRA, the reduction in decay time may result in a change in the surrounding environment. In the presence of K+ ions, the two-step FRET process can be accelerated owing to a shortened intermolecular distance and, therefore, fluorescence decay time decreases more.






4. Conclusions


We investigated the ultrafast fluorescence decay dynamics in CPs and the aptamer-based 6-FAM/TAMRA complex. In this FRET system, the conformational change by K+ ions promoted the sequential energy transfer from CPs, through 6-FAM, to TAMRA, as well as the fundamental one-step FRET due to the complexation. To understand the energy migration mechanisms within the system, we phenomenologically analyzed and modelled in terms of the exciton population. Also, we experimentally observed the evidence of two-step FRET and the role of three fluorophores thorough the time-resolved spectroscopic technique. As we expected, the presence of the two-step FRET process due to the presence of the K+ ion was identified by the fluorescence enhancement (4 folded) and the change in the decay curvature. In particular, we found the role of the transition of 6-FAM as an intermediator as well as the energy receiver during the energy transfer process. To distinguish the individual energy transfer step, we also calculated the energy transfer efficiency by the rate equation. Our transfer efficiency calculation, relevant only to total energy variation, minimizes the overestimation due to the theoretical FRET rate calculus. Consequently, a steady energy transfer efficiency (230%) was observed within the period of radiative decay time.







Author Contributions


Conceptualization, J.-E.J. and H.Y.W.; Data curation, I.K. and J.-E.J.; Formal analysis, I.K. and K.K.; Funding acquisition, K.K.; Investigation, I.K., J.-E.J., W.L. and S.P.; Methodology, J.-E.J. and H.Y.W.; Project administration, K.K.; Resources, J.-E.J. and H.Y.W.; Supervision, H.Y.W. and K.K.; Visualization, I.K. and K.K.; Writing—original draft, I.K.; Writing—review and editing, H.K., Y.-D.J. and K.K.




Funding


This research was supported by a two-year research grant from Pusan National University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nguyen, B.L.; Jeong, J.E.; Jung, I.H.; Kim, B.; Le, V.S.; Kim, I.; Kyhm, K.; Woo, H.Y. Conjugated polyelectrolyte and aptamer based potassium assay via single- and two-Step fluorescence energy transfer with a tunable dynamic detection range. Adv. Funct. Mater. 2014, 24, 1748–1757. [Google Scholar] [CrossRef]

	



Gaylord, B.S.; Heeger, A.J.; Bazan, G.C. DNA detection using water-soluble conjugated polymers and peptide nucleic acid probes. Proc. Natl. Acad. Sci. USA 2002, 99, 10954–10957. [Google Scholar] [CrossRef] [PubMed]

	



Medintz, I.L.; Clapp, A.R.; Mattousi, H.; Goldman, E.R.; Fisher, B.; Mauro, J.M. Self-assembled nanoscale biosensors based on quantum dot FRET donors. Nat. Mater. 2003, 2, 630–683. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.-Y.; Yeh, H.-C.; Kuroki, M.T.; Wang, T.-H. Single-quantum-dot-based DNA nanosensor. Nat. Mater. 2005, 4, 826–831. [Google Scholar] [CrossRef] [PubMed]

	



Kang, M.; Nag, O.K.; Nayak, R.R.; Hwang, S.; Suh, H.; Woo, H.Y. Signal amplification by changing counterions in conjugated polyelectrolyte-based FRET DNA detection. Macromolecules 2009, 42, 2708–2714. [Google Scholar] [CrossRef]

	



Clapp, A.R.; Medintz, I.L.; Mauro, J.M.; Fisher, B.R.; Bawendi, M.G.; Mattoussi, H. Fluorescence resonance energy transfer between quantum dot donors and dye-labeled protein acceptors. J. Am. Chem. Soc. 2004, 126, 301–310. [Google Scholar] [CrossRef]

	



Wang, Y.; Gao, D.; Zhang, P.; Gong, P.; Chen, C.; Gao, G.; Cai, L. A near infrared fluorescence resonance energy transfer based aptamer biosensor for insulin detection in human plasma. Chem. Commun. 2014, 50, 811–813. [Google Scholar] [CrossRef]

	



Sapsford, K.E.; Berti, L.; Medintz, I.L. Materials for fluorescence resonance energy transfer analysis: beyond traditional donor–acceptor combinations. Angew. Chem. Int. Ed. 2006, 45, 4562–4588. [Google Scholar] [CrossRef]

	



McQuade, D.T.; Pullen, A.E.; Swager, T.M. Conjugated polymer-based chemical sensors. Chem. Rev. 2000, 100, 2537–2574. [Google Scholar] [CrossRef]

	



Liu, B.; Bazan, G.C. Homogeneous fluorescence-based DNA detection with water-soluble conjugated polymers. Chem. Mater. 2004, 16, 4467–4476. [Google Scholar] [CrossRef]

	



Wang, S.; Gaylord, B.S.; Bazan, G.C. Fluorescein provides a resonance gate for FRET from conjugated polymers to DNA intercalated dyes. J. Am. Chem. Soc. 2004, 126, 5446–5451. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, G.; Susha, A.S.; Lutich, A.A.; Stefani, F.D.; Feldmann, J.; Rogach, A.L. Cascaded FRET in conjugated polymer/quantum dot/dye-labeled DNA complexes for DNA hybridization. ACS Nano 2009, 12, 4127–4131. [Google Scholar] [CrossRef] [PubMed]

	



Du, C.; Hu, Y.; Zhang, Q.; Guo, Z.; Ge, G.; Wang, S.; Zhai, C.; Zhu, M. Competition-derived FRET-switching cationic conjugated polymer-Ir(III) complex probe for thrombin detection. Biosens. Bioelectron. 2018, 100, 132–138. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zhang, L.; Shao, M.; Wu, Y.; Zeng, D.; Cai, X.; Duan, J.; Zhang, X.; Gao, X. Fine-tuning the quasi-3D geometry: Enabling efficient nonfullerene organic solar cells based on perylene diimides. ACS Appl. Mater. Interfaces 2018, 10, 762–768. [Google Scholar] [CrossRef] [PubMed]

	



Wen, S.; Wu, Y.; Wang, Y.; Li, Y.; Liu, L.; Jiang, H.; Liu, Z.; Yang, R. Pyran-bridged indacenodithiophene as a building block for constructing efficient A-D-A-type nonfullerene acceptors for polymer solar cells. ChemSusChem 2018, 11, 360–366. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Wu, Y.; Zhang, Q.; Gao, X. Non-fullerene small molecule acceptors based on perylene diimides. J. Mater. Chem. A 2016, 4, 17604–17622. [Google Scholar] [CrossRef]

	



Liu, Z.; Gao, Y.; Dong, J.; Yang, M.; Liu, M.; Zhang, Y.; Wen, J.; Ma, H.; Gao, X.; Chen, W.; et al. Chlorinated wide-bandgap donor polymer enabling annealing free nonfullerene solar cells with the efficiency of 11.5%. J. Phys. Chem. Lett. 2018, 9, 6955–6962. [Google Scholar] [CrossRef]

	



Liu, Z.; Zeng, D.; Gao, X.; Li, P.; Zhang, Q.; Peng, X. Non-fullerene polymer acceptors based on perylene diimides in all-polymer solar cells. Sol. Energ. Mat. Sol. C. 2019, 189, 103–117. [Google Scholar] [CrossRef]

	



Dunn, M.D.; Jimenez, R.M.; Chaput, J.C. Analysis of aptamer discovery and technology. Nat. Rev. Chem. 2017, 1, 1–16. [Google Scholar] [CrossRef]

	



Song, S.; Wang, L.; Li, J.; Zhao, J.; Fan, C. Aptamer-based biosensors. TrAC-Trend Anal. Chem. 2008, 27, 108–117. [Google Scholar] [CrossRef]

	



Han, K.; Liang, Z.; Zhou, N. Design strategies for aptamer-based biosensors. Sensors 2010, 10, 4541–4557. [Google Scholar] [CrossRef] [PubMed]

	



Song, K.-M.; Lee, S.; Ban, C. Aptamers and their biological applications. Sensors 2012, 12, 612–631. [Google Scholar] [CrossRef] [PubMed]

	



Davis, J.T. G-quartets 40 years later: From 5′-GMP to molecular biology and supramolecular chemistry. Angew. Chem. Int. Ed. 2004, 43, 668–698. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Sugiyama, H. Formation of the G-quadruplex and i-motif structures in retinoblastoma susceptibility genes (Rb). Nucleic Acids Res. 2006, 34, 949–954. [Google Scholar] [CrossRef] [PubMed]

	



Yu, S.P.; Canzoniero, L.M.; Choi, D.W. Ion homeostasis and apoptosis. Curr. Opin. Cell Biol. 2001, 13, 405–411. [Google Scholar] [CrossRef]

	



Walz, W. Role of astrocytes in the clearance of excess extracellular potassium. Neurochem. Int. 2000, 36, 291–300. [Google Scholar] [CrossRef]

	



Lippard, S.L.; Berg, J.M. Principles of Bioinorganic Chemistry, Chapter 1; University Science Books: Mill Valley, CA, USA, 1994. [Google Scholar]

	



Schwartz, A.B. Potassium-related cardiac arrhythmias and their treatment. Angiology 1978, 29, 194–205. [Google Scholar] [CrossRef]

	



Lakowicz, J.R.; Szmacinski, H. Fluorescence lifetime-based sensing of pH, Ca2+, KS and glucose. Sensor Actuat. B 1993, 11, 133–143. [Google Scholar] [CrossRef]

	



Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, NY, USA, 2006. [Google Scholar]

	



Gopich, I.V.; Szabo, A. Theory of the energy transfer efficiency and fluorescence lifetime distribution in single-molecule FRET. Proc. Natl. Acad. Sci. USA. 2012, 109, 7747–7752. [Google Scholar] [CrossRef]

	



Kawahara, S.I.; Uchimaru, T.; Murata, S. Sequential multistep energy transfer: enhancement of efficiency of long-range fluorescence resonance energy transfer. Chem. Commun. 1999, 563–564. [Google Scholar] [CrossRef]

	



Song, X.; Shi, J.; Nolan, J.; Swanson, B. Detection of multivalent interactions through two-tiered energy transfer. Anal. Biochem. 2001, 291, 133–141. [Google Scholar] [CrossRef]

	



Watrob, H.M.; Pan, C.-P.; Barkley, M.D. Two-step FRET as a structural tool. J. Am. Chem. Soc. 2003, 125, 7336–7343. [Google Scholar] [CrossRef]

	



Dale, R.E.; Eisinger, J.; Blumberg, W.E. The orientational freedom of molecular probes. The orientation factor in intramolecular energy transfer. Biophys. J. 1979, 26, 161–194. [Google Scholar] [CrossRef]

	



Khrenova, M.; Topol, I.; Collins, J.; Nemukhin, A. Estimating orientation factors in the FRET theory of fluorescent proteins: The TagRFP-KFP pair and beyond. Biophys. J. 2015, 108, 126–132. [Google Scholar] [CrossRef]

	



Woo, H.Y.; Vak, D.; Korystov, D.; Mikhailovsky, A.; Bazan, G.C.; Kim, D.-Y. Cationic conjugated polyelectrolytes with molecular spacers for efficient fluorescence energy transfer to dye-labeled DNA. Adv. Funct. Mater. 2007, 17, 290–295. [Google Scholar] [CrossRef]

	



Bardeen, C. Exciton quenching and migration in single conjugated polymers. Science 2011, 331, 544–545. [Google Scholar] [CrossRef]

	



Kim, I.; Kyhm, K.; Kang, M.; Woo, H.Y. Ultrafast combined dynamics of Förster resonance energy transfer and transient quenching in cationic polyfluorene/fluorescein-labelled single-stranded DNA complex. J. Lumin. 2014, 149, 185–189. [Google Scholar] [CrossRef]

	



Cao, Q.; Li, Y.; Freisinger, E.; Qin, P.Z.; Sigel, R.K.O.; Mao, Z.-W. G-quadruplex DNA targeted metal complexes acting as potential anticancer drugs. Inorg. Chem. Front. 2017, 4, 10–32. [Google Scholar] [CrossRef]

	



Lane, A.N.; Chaires, J.B.; Gray, R.D.; Trent, J.O. Stability and kinetics of G-quadruplex structures. Nucleic Acids Res. 2008, 36, 5482–5515. [Google Scholar] [CrossRef]

	



Fox, M. Optical Properties of Solids.; Oxford University Press: New York, NY, USA, 2010. [Google Scholar]

	



Clegg, R.M. The history of FRET: From conception through the labors of birth. In Reviews in Fluorescence; Springer: New York, NY, USA, 2006; Volume 3, pp. 1–45. [Google Scholar]

	



Clegg, R.M. Fluorescence resonance energy transfer. Curr. Opin. Biotech. 1995, 6, 103–110. [Google Scholar] [CrossRef]

	



Kyhm, K.; Kim, I.; Kang, M.; Woo, H.Y. Ultrafast dynamics of Förster resonance energy transfer and photo-induced charge transfer in cationic polyfluorene/dye-labeled DNA complex. J. Nanosci. Nanotechnol. 2012, 12, 7733–7738. [Google Scholar] [CrossRef]








[image: Polymers 11 01206 g001 550]





Figure 1. Schematics for potassium detection based on FRET. (a) In the absence of K+ ions, the dominant energy transfer process occurs from CPs to 6-FAM or TAMRA, that is, one-step FRET; (b) In the presence of K+ ions, by preferred molecular interaction between metal ions and guanine bases, the secondary structure (g-quadruplex) leads to the sequential energy transfer from CPs to 6-FAM to TAMRA, that is, two-step FRET; (c) The chemical structure of CPs, 6-FAM, and TAMRA. 
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Figure 2. The optical properties of the three fluorophores (i.e., CPs, 6-FAM, and TAMRA) and the spectral overlap among them. The absorption and the emission spectra of (a) CPs; (b) 6-FAM; and (c) TAMRA were characterized in terms of the molar extinction coefficient and normalized by the maximum fluorescence intensity, respectively; (d) The spectral overlap between the three fluorophores was calculated by integrating the product of the absorption spectra and the emission spectra. 
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Figure 3. Fluorescence decay dynamics of CPs without the complexation with the two-dye-labeled (i.e., 6-FAM and TAMRA) aptamer (Free CP), in the absence (w/o) and presence (with) of K+ ions after the complexation with the two-dye-labeled aptamer. 
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Figure 4. (a) The fluorescence decay of 6-FAM in the absence and presence of K+ ions. Time-resolved fluorescence decay was measured by two kinds of excitation wavelength (blue for 380 nm and green for 490 nm); (b) The energy transfer efficiency of 6-FAM for one-step FRET (dotted line for 490 nm excitation) and two-step FRET (solid line for 380 nm excitation) was calculated using Equation (9), respectively. 
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Figure 5. (a) To confirm the energy transfer from CPs to TAMRA, the fluorescence decay of TAMRA without 6-FAM was measured (light red, CP/TAMRA). The fluorescence decay of TAMRA in the absence (red) and presence (wine) of K+ ions; (b) The total transfer efficiency TAMRA gained by two-step FRET was calculated using Equation (10). 
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Table 1. The fitted parameters for the fluorescence decay of CPs, 6-FAM, and TAMRA.
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Fluorophores

	
λex

	
Free

	
w/o K+

	
with K+




	
(nm)

	
(ns)

	

	
(ns)

	

	
(ns)

	

	
(ns)

	

	
(ns)




	

	
τ1

	
a1

	
τ1

	
a2

	
τ2

	
a1

	
τ1

	
a2

	
τ2






	
CPs

	
380

	
0.43 (with K+)

	
0.94

	
0.35

	
0.06

	
1.76

	
0.73

	
0.19

	
0.27

	
1.46




	
6-FAM

	
380

	
-

	
-

	
0.49

	
-

	
-

	
-

	
0.33

	
-

	
-




	
490

	
3.72

	
0.51

	
0.36

	
0.49

	
2.09

	
0.61

	
0.25

	
0.39

	
2.18




	
TAMRA

	
380

	
1.01 (with CPs)

	
-

	
0.87

	
-

	
-

	
-

	
0.90

	
-

	
-
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